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Abstract
Habitat loss due to increasing agricultural intensification and chemical use may result in the loss
of biodiversity of bee species. This has implications for global economies and food security for people
world wide. Focusing on coffee cultivation, an important cash crop in the tropics, this study aims to
understand the availability for pollinator habitat resources in a management gradient from shade-grown
coffee agroforestry to conventional farming systems that employ both organic and non-organic
management practices. I examined the influence of farming and land-use practices on the availability
and quality of habitats for social and solitary bee species through observations of nesting resources
available. The results demonstrate that C. arabica management systems have an important effect on
habitat availability for pollinator diversity assemblages. In this study, organic shade-coffee farms and
ecological managed systems harbored more pollinator habitats and the potential for a more diverse
pollinator population. Additionally, different management practices used varying degrees of
agrochemical intensity to control for various pests and fungus which has implications for pollinator
health and abundance. Management measures that reduce the use of chemicals and that favor pollinator
diversity could result in increased farm productivity and enhance biodiversity conservation in coffee
growing regions.

Executive Summary
La pérdida de hábitat debido a la creciente intensificación de la agricultura y el uso de químicos
puede resultar en la pérdida de la biodiversidad de especies de abejas. Esto tiene implicaciones para la
economía global y la seguridad alimentaria para todos. Me concentré en el cultivo del café, un cultivo
comercial importante en los trópicos. Este estudio trata de comprender la disponibilidad de recursos del
hábitat de polinizadores en un gradiente de manejo de agroforestales de café sombra a los sistemas
agrícolas convencionales que emplean tanto las prácticas de manejo no-orgánicos y orgánicos.
Examiné la influencia de las prácticas agrícolas y el uso del suelo en la disponibilidad y calidad de los
hábitats para diferentes especies de abejas por medio de observaciones de los recursos de anidación
disponibles. Los resultados demuestran que los sistemas de manejo de C. arabica tienen un efecto
importante en la disponibilidad de hábitat para la diversidad de polinizadores. En este estudio, las
fincas de café de sombra orgánico y sistemas gestionados ecológicos tenían más hábitats polinizadores
y el potencial para una mayor diversidad de la población de polinizadores. Adicionalmente, las
diferentes prácticas de manejo utilizaron diferentes niveles de intensidad de agroquímicos para el
control de diversas plagas y hongos, que tiene implicaciones para la salud y la abundancia de
polinizadores. Las medidas de manejo que reducen el uso de químicos podrían resultar en un aumento
de la cosecha y conservación de la biodiversidad en las regiones de cultivo de café
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Introduction
Pollination as an Ecosystem Service
Ecosystem services are the diverse set of ecological functions that provide humanity with a
variety of benefits including food and fiber, medicines, genetic diversity, and overall resilience of
ecosystems. These services provide the supporting, provisioning, regulating, and cultural services that
support human lives (Daily et al. 2000). The economic value of these services is difficult to estimate,
but is enormous because these services are critical for human welfare (Costanza et al., 2007). Giving an
economic valuation to these services has implications for land management policies and awareness
concerning biodiversity conservation and economic development (Chichilnisky and Heal, 1998).
One such service is the pollination of crops by bees. Flowers produce pollen, a white, brown, or
yellow powder that is found at the center of most flowers. This is used as a food resource for bees and
other insects and is the part of the flower that plants need to make fruit, seeds, and new plants. Pollen
needs to move from one flower to another of the same type of plant. Morphology of flowers varies
between species, but all flowers have male and female parts. The stamen is the male part of the flower
that makes pollen and the pistil is the female part that receives the pollen. The pistil is comprised of the
style, stigma, and ovary. The top of the stigma receives the pollen which then goes to the style, or the
pollen tube. The pollen travels down the style to the ovary where it fertilizes the ovules and the seed
and fruit begins to grow. The term “pollination” refers to the pollen moving from the stamen to the
stigma. After pollination takes place, the petals fall off and the ovaries of the flower become a fruit and
ovules become seeds (Kalman 2010). Fruit set refers to the proportion of flowers that become mature
and developed seeds and fruits and determines crop yields (Klein et al. 2002). The ecological process
of pollination is fundamental for the maintenance of the viability and diversity of flowering plant
species (Vergara and Badano 2008).
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There are three types of pollination. One type is “wind pollination”. This is when the wind
moves the pollen between plants. In this type of pollination, many millions of pollen grains are
produced to increase chances of successful pollination. The second type is “self pollination”. This is
when the pollen moves from the stamen to the pistol of the same flower. These flowers have a
morphology with the stamen and pistil being very close together. While they can self pollinate, their
fruit set is often augmented by the presence of pollinators. Finally, there is “cross pollination”. This is
when the pollen from another flower of the same species or type needs to land on the stamen of a
different flower of the same species or type. Cross pollination is often mediated by animals such as
hummingbirds, bats, and insects (Kalman 2010).
Pollination can be considered one of the most important ecosystem services as it provides food
security, economic development, and incentive for biodiversity conservation. On the global scale, onethird of human food is obtained from plant species that depend on pollinators (Mcgregor, 1976).
Pollinator dependency is a measure of a plant's need for a pollinator. Kearns et al. (2007) divided the
dependency into different levels based on a review of literature from crops across the globe. The
highest level is “essential”and is when pollinators are essential for the reproduction of the plant
(production reduced by more than 90 percent without pollinators). The second highest level is “great”
meaning that production is reduced by 40 to 90 percent without pollinators. Third is “modest” where
production is reduced by 10 to 40 percent without pollinators. The final two levels are “little” where
production is reduced 1 to 10 percent and “none” where there is not reduction in production. These
levels of dependency vary between crops with the most dependent being fruits, vegetables, and nuts. In
total, 75 percent of primary food crops rely on pollination and 35 percent are pollinator dependent
(Klein et al. 2007).
More than 100,000 different animal species play a role in pollinating the 250,000 species of
flowering plants (Ingram et al. 1996). These animals pollinate more than 66 percent of the world's
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1,500 crop species and are directly or indirectly essential for 15 to 30 percent of food production
(Kremen 2002). Additionally, vegetative crops depend on pollinators for seed production (Dewenter et
al., 2005). For example, yukka, a vegetative plant, is dependent on yukka moths in order to produce
seeds (NRC 2007). Gallai et al. (2009) estimated that the value of pollination services to be more than
153 billion euros (~200 billion dollars). In the United States alone, the value of honeybee pollination
directly to crops and indirect livestock feed values is estimated to be 14.6 billion dollars. This value is
an underestimate of the pollination services because it does not include the benefits of wild pollination
(Morse and Calderone, 2000). In the tropics, a study by Roubik (1995) found that the fruit set of 70
percent of tropical crops is improved by animal pollination services.

Pollinator Declines
Pollination as an ecosystem service is at risk and is beginning to receive wide-spread attention.
In 2006, the popular press released news about Colony Collapse Disorder (CCD) in the United States
and the public became aware of the importance of honeybees as pollinators. CCD is the disorder where
bee workers leave the nest to forage for pollen and nectar and not return back to their hives.
Populations of feral and managed honeybee colonies have dropped in the US by more than 25 percent
since 1990. Bee experts were unable to pinpoint one cause for the epidemic and the investigation for
various causes is ongoing (Bauer and Wing 2010). They believe the decline is due to a variety of
factors including the spread of parasitic pests like mites, the small hive beetle, and the microsporidian
parasite Nosema ceranae, improper pesticide and herbicide use that decimate populations and
detrimentally change normal behavior, the spread of the Africanized honeybee, and the decrease in
beekeepers in Europe and North America (Klein et al 2007). Additionally, beekeeping activities like
chemical use to control mites, improper diet, colony transport and hive splitting exacerbate the problem
and lessen honeybee immunity (UNEP, 2010). These compounding problems highlight the risk of
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relying solely on managed honeybees for agricultural pollination.
The declines in honeybee pollinators has drawn attention to the population stability of other
wild vertebrate pollinators. Nabhan (1996) found that worldwide, over 200 species of wild vertebrate
pollinators may be on the verge of extinction. This has many implications and consequences for
ecological communities and agriculture world wide. In plants, the IUCN predicts a global loss of
20,000 flowering plant species in the next decades, which would subsequently lead to a decline of codependent plant pollinators (Heywood 1995). This is especially pertinent to specialized pollinators,
pollinators that use a particular plant taxa, than to generalist species that use more than one plant taxa
(Kearns and Inouye 1997).
The declines in pollinator species also have implications for food stability and economics.
Declines of food stability in relation to pollinator losses has already been demonstrated in various
localities and agricultural crops (Allen-Wardell 1997). A decreased yield of almonds in California in
1995 was a result of pollinator losses. Additionally, for blueberry crops in New Brunswick, heavy
pesticide use caused a multi-million dollar loss of the blueberry crop (Kevan 1977). These problems
have also been demonstrated in the harvest of cherries, alfalfa, pumpkin, and cashew nuts in places
across the globe (Stephen 1959, Watanabe 1994). Pollinator losses also affect the harvest quality. With
less pollinator abundance, the crops harvested are misshapen, small, or nonviable due to pollinator
failure (Allen-Wardell 1997).
There are a few driving forces of pollinator population instability. Habitat degradation in the
forms of habitat loss, increased presence of pathogens, invasive species, and pollution are major forces.
Additionally, agricultural practices further decimate populations. For example, chemical spraying can
poison bee populations. The chemicals can impair reproduction, eliminate nectar resources, destroy
larval host plants, and reduce nesting material. While these chemicals are toxic to target species, they
are also toxic to beneficial insects. Systemic insecticides, chemicals used in seed coatings, are also
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dangerous for pollinators because the chemicals can migrate from the roots to the entire plant. Systemic
insecticides cause bees to lose sense of direction, impair memory, and brain metabolism. Finally,
climate change is another factor that changes the length of growing season and synchrony with bee
emergence floral resource availability (UNEP, 2010).

Pollinator Diversity
Wild insects like beetles, moths, butterflies, flies, and wild bee species provide important
pollination services that are often overlooked. Wild bee species often augment the pollination service
provided by bees and provide insurance against honeybee losses. Wild bee species are important for a
variety of crops such as tomato (Greenleaf and Kremen 2006a), watermelon (Williams and Thorp
2002), canola (Morandin and Winston 2005), sunflower (Greenleaf and Kremen 2006b) and blueberry
(Cane 1997) yields and are considered to be more effective pollinators than honeybees for a variety of
morphological and behavioral traits. Because honeybees live year round and do not specialize on
particular flower species, they have foraging behaviors that reduce pollen accumulation and deposition
on stigmas whereas wild bees species have a short fixed season that coincides with the flowering time
of certain plants and specific pollination syndromes (Westerkamp and Gottsberger 2000). The
pollination syndrome of a plant species is the suite of characters (color, shape, scent, attractant, etc) that
allow for the prediction of pollinators required for pollination (Vogel 1954). While honey bees visit
many flowers, it has been demonstrated that visitation affects fruit set less than proper pollen
deposition on stigmas. A study on cashew flowers, a crop pollinated by wild insects, demonstrated that
solitary bee species more effectively deposited pollen than honeybees.
A recent study by Girabaldi et al (2013) demonstrated that wild bee pollinators can augment
fruit set regardless of honey bee abundance. The study demonstrated that even though honeybees are
often viewed as a substitute for wild pollinators, they do not maximize or replace the pollination
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services of wild insects to a wide range of agricultural crops, including crops routinely stocked with
colonies of honey bees like almonds, blueberries, and watermelon. Additionally, fruit set was better
predicted with wild insect visitation than honey bee visitation alone. The difference in pollen
deposition and fruit set between honeybees and wild insects demonstrates that wild insects provide
better-quality cross-pollination. These findings suggest that honey bee presence can supplement
pollination service by wild insects but cannot replace it (Garibaldi et al. 2013). However, methods for
managing wild pollinators are less understood and developed and research on their services are
relatively recent.
Floristic diversity, abundance, and nectar and pollen quality are considered to be primary
indicators of the organization of bee community diversity. However, along with floral characteristics,
the diversity of nesting resources plays an important role in the presence and diversity of various bee
species. In fact, 40 percent of the variation in species abundance patterns are explained by the
availability of nesting resources. These different nesting strategies include various habitats, substrates,
and materials for nest production. The majority of bee species live in the ground by digging narrow
tunnels that lead to brood cells. Other species use existing tunnels of large dead, dead woody vegetation
or chew out the center of pithy twigs (Michener 2000). Bumblebees are the exception as they use
cavities like abandoned rodent nests and feral honeybees occupy large cavities like those in trees
(Kearns and Thompson 2001). These wood nesting species also use materials like mud, leaf parts, and
tree resin to construct brood cells in their nests (Cane 2001).

Coffee Cultivation
Coffee was introduced by the Dutch to the New World in 1723 and by the 20th century, it was
one of the most important export crops (Wrigley 1988). After World War II, the production of coffee
tripled and the area devoted to growing coffee in Latin America doubled (UNFAO Production
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Yearbooks). Over 11 million hectares of land are planted with coffee, replacing biodiverse regions of
lower and middle elevation tropical forests. Coffee is considered to be one of the most valuable export
commodities from developing nations as it employs over 25 million people world wide and in 2003
was the second leading export product from developing nations after oil (O'Brian and Kinnard 2003).
Specialty coffees (high quality green coffee beans with no defects and distinctive high quality
taste in cup) represent 9 to 12 percent of annual world coffee production and more than 85 percent of
organic coffees are produced in Latin America. These specialty coffees are washed arabica coffees that
are sent to Western Europe, North America, and Japan as organically produced foods are gaining
popularity. In theory, organic agriculture combines ecological sustainability with lower health risks. It
is based on five principles including (1) composted organic matter to improve soil quality, (2) soil
conservation, (3) disease, pest, and weed control by natural methods, (4) Minimum use of fossil fuels in
production system, and (5) low environmental pollution during post-harvest handling (IFOAM, 2000).
Coffee is traditionally grown under the canopy of shade trees. These trees exhibit structural and
floristic complexity that encourage biodiversity and increase habitat compared to modern unshaded
monocultures (Perfecto et al. 1996). Coffee is also grown in agroforestry, the practice of growing
woody plants with agricultural crops and/or livestock together on the same land parcel.
There is a diverse continuum of coffee growing practices from traditional to modern practices.
One practice is “rustic shaded coffee” where the understory of native forests are removed and the
plantation is located as the lower strata vegetation. Another practice is “traditional shaded coffee” in
which the vegetation of lower strata is removed and the coffee is grown with other subsistence plant
species like plantains and oranges. A third type of plantation is “commercial polyculture” where the
native forest is removed completely and replaced with nonnative trees that bring in higher economic
value like pepper and cedar. Another specialized coffee system is “specialized shaded coffee” one
where the native trees are removed and the shade trees are planted belonging to the family Fabaceae for
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soil nitrification. Finally, “sun coffee” plantations are those where the forest is removed and replaced
with coffee plants directly exposed to the sun without vegetation cover (Vergara and Badano 2008).
These sun plantations contain a higher plant density, high yield varieties, and increased chemical inputs
than other management types and are not considered to be long term sustainable (Perfecto et al. 1996).

Pollination of C. arabica
While C. arabica is considered to be a self-pollinated plant species, the fruit set is augmented
by bee pollination. Ripe berries resulting from open pollination, compared to berries resulting from
flowers bagged to exclude visitors were an average of seven percent heavier and had a 25 percent
larger mass. Native bees and non-native African honeybees contribute to over 36 percent of coffee fruit
production. Additionally, the diversity of bees plays a role in increasing the fruit set of C. arabica
(Klein et al. 2002). A study of Indonesian highland coffee demonstrated that the enhancement of bee
diversity from three to 20 species increased fruit set from 60 percent to 90 percent. Some farmers rely
on the African honeybee for crop pollination, however some studies demonstrate that wild bees are
more efficient pollinators of coffee than honeybees. This may be because honeybees remain at
branches with dense flowers and visit more flowers on the same plant, thus transferring pollen from the
same individual. This results in a lower fruit set of C. arabica because within plant pollination
(geitonogamous pollination), results in a lower fruit set than cross-pollination (Klein et al. 2003).
Pollinator communities of coffee have also been demonstrated to differ between management
practices and distance from forest fragment. In Mexico, coffee management systems have an important
effect on the diversity of insect pollinator communities demonstrating that less intensively managed
systems harbored more diversity than large conventional farming methods (Vergara and Badano 2008).
In these fragmented ecosystem matrices of agricultural and natural habitat, isolation from critical floral
and nesting resources is a key factor in the abundance and diversity of wild pollinators of coffee. The
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area of wild habitats surrounding the farms is proportional to the native bee diversity and abundance
observed (Klein et al. 2002). Ricketts (2004) observed that forest remnants in coffee cultivation
landscapes enhanced pollinator activity and fruit set in surrounding agricultural fields.

Study Objectives
Habitat loss due increasing agricultural intensification and chemical use may result in the loss
of biodiversity of bee species. This has implications for global economies and food security for people
world wide. Focusing on coffee cultivation, an important cash crop in the tropics, this study aims to
understand the availability for pollinator habitat resources in agroforestry and conventional farming
systems that employ both organic and non-organic management practices. I examined the influence of
farming and land-use practices on the availability and quality of habitats for social and solitary bee
species. I predicted that organic plantations would harbor more habitat availability than conventional or
non-organic farming systems.

Methods and Materials
Study Location
My study took place in Santa Clara, Chiriqui, in the district of Renacimiento. It is located at an
elevation of 1,200 meters and receives a significant amount of rainfall through out the year averaging 4
meters from April to mid-January. The temperature ranges from 20 – 30 degrees Celsius. The primary
source of income for this area is coffee cultivation. This area is within 30 km of Costa Rica and touches
Amistad National park. The coffee farms visited were in the foothills of the Talamanca Mountain
Range (Roubik 2002).

Study Species
Coffea spp. are native to understory tropical forests of Africa. C. arabica is native to highlands
of southwestern Ethiopia, and is a shade adapted plant. However the coffee cultivars of today are
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descendents from plant introductions to Arabia where they were grown in a dry ecosystem without
shade for thousands of years before being introduced to Asia and Latin America. These plants now
tolerate drought and sun because of their root systems and their ability to retain their leaves longer
during water stress (Van de Vossen 2005).
I studied the common cultivars of Coffea arabica (Rubiaceae) in the tropics on farms of various
management practices. These cultivars were caturra and catimor varieties. C. arabica is a wide-spread
species. It is considered to be a self fertile, tetraploid species (Crane and Walker 1983), however yield
and fruit retention is significantly augmented by over 50 percent with pollination by bees. This suggests
that C. arabica may be amphicarpic, some flowers need cross-pollination while others develop fruits
from self-pollination (Klien et al. 2003). The flower morphology consists of 2 – 12 flowers per axil,
five white petals, and a long corolla tube (Free 1993). There are five stamens with long anthers, a long
thing style with a two-branched stigma (Klein et al. 2003).

Management Practices
Four different classifications of farms were studied of varying intensity. These management
practices were on a continuum of multi-strata coffee polycultures to open sun monocultures. They were
chosen based on a gradient of structurally diverse to least diverse and intensive systems. I studied a
continuum because each has implications for hydrological balance, soil quality, forest cover, carbon
dioxide equilibrium and biological diversity (Moguel and Toledo 1999). Farm types include organic
shade-coffee farms that do not use chemicals, ecological shade-coffee farms that work to minimize
chemical use and work to have sustainable management, non-organic shade-coffee farms that use
chemical fertilizers and pesticides, and a conventional sun-coffee plantation.

Habitat Resource Availability and Observations
Based on previous literature (Stephen et al. 1969, O'Toole and Raw 1991, Potts and Willmer,
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1997, Potts et. al. 2005), a set of known and important nesting resources were compiled (Table 1). I
visited each farm was visited for an average of 3 hours and walked the various parts of each farm with
the owner. During farm tours, took photos of each resource available as I was walked around the farm.
I actively observed the soil texture, hardness, and moisture, aspect and slope, amount of
isolation, cavity shape and size, and diameter of pre-existing holes. The quality of the habitat depends
on the environmental characteristics that relate to foraging requirements and characteristics that relate
to nesting requirements.
The management practice of the farms were also noted during the tours. The common pests
(Coffee Leaf Rust, Coffee Borer Beetle, Cercospora Spot) and eradication methods were noted as well
as pruning and weeding methods.
Resource

Description

Soil

Exposed ground free of vegetation and litter

Flat

Ground without slope

Steep

Ground with slope

Wood

Amount of dead woody substrate

Soft

Soft, airated soil

Hard

Hard, compact soil

Cavities

Cavities and crevices in rocks, trees, and rodent holes

Table 1. Resource name and description for observing resting resources in Santa Clara, Panama (Potts
et al. 2005).

Pollinator Observations
All farm visits took place in the mornings in sunny weather. During visits, pollinator activity
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was observed in different areas of the farms. Farmers brought me to observe nests of known existing
colonies of social nesting bees on the various farms. Based on previous pollinator diversity studies on
coffee plantations, a list of bee families and species were complied consisting of Trigona, Melipona,
Bombus, Centris, Xylocopa, euglossines, apis, and halictids (Roubik, personal communication, Klein et
al. 2002).

Results
Habitat Availability
Organic Shade-Coffee
These farms had exposed soil in various patches mostly due to shading by over-story trees and
weeding practices that involved cutting understory vegetation through slashing techniques.
Additionally, they employed pruning methods. Pruning is the thinning process to direct vigor of plants
to the parts that produce coffee berries. The unproductive wood is removed to encourage new growth
of branches. The farms varied in their slope with various parts of the farm located on slopes and with
flat areas. The presence of dead woody substrate was present on each organic shade-coffee farm in the
forms of logs and stumps. As a management practice fallen logs, wood, and plantain stems are left to
contribute to nutrient rich organic matter. The soil hardness varied on different parts of the farms,
however the majority of the soils were soft. The organic farmers considered soil conservation to be one
of the most important parts of organic agriculture and employed many techniques to keep quality and
nutrient rich soil. Additionally, these farmers used earthworms on their farm to contribute to fertilizer
resulting in soft soil. Many cavities in rocks trees and rodent holes were observed and often occupied
by bee nests. Nests of bees were observed in these resources found on the farms.
Ecological Shade-Coffee
This farm uses sustainable practices in processing the coffee beans and reducing pesticide use
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when possible. They also employed the use of pruning methods instead of agrochemical fertilizers. In
between the rows of coffee there was exposed ground soil. Because these farms were bigger than the
small organic farms, there were often roads through the farm that exposed soil. This farm was located
on slopes with one area flat at the top. Dead woody substrate was found as old stumps and some piles
of branches. The soil was hard and dry as most of the soil management was through chemical spray
fertilizers. There were some cavities available in fencing made from wood stumps and some various
shade trees present.
Non-organic Shade-Coffee
These farms had varying amounts of open soil. Weeding was through the use of chemicals and
some pruning processes were employed. During visits, the ground had a brush layer of grass and other
plants that grow due to sunlight availability. In other farms, there was substantial amounts of open
ground in-between rows of coffee plants. These farms varied in their slope with some located on steep
slopes and others having areas of flat ground. The soil on these farms was similar to those found on
ecological farms. However, because shade trees were not present, there were not many cavities
available for nesting habitat. One of these farms was located adjacent to forest patches that could
potentially provide nesting habitat. This forest patch was extensive and encompassed a mountain slope
with natural water sources.
Conventional Coffee
The conventional coffee plantation had much exposed soil in-between the rows of coffee plants,
however the high density of plants limits the number of open exposed soil. The plantation is extensive
and has a variety of slopes of different gradients. There was woody substrate present in the forms of old
logs and stacks of stumps. The soil was dry and was tougher than the soil found on organic farms.
Additionally, there were many paths and roads through the plantation that had compact soil. This farm
had managed pollinators, however there were potential cavity locations in rocks, and trees at the edges
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of the property. Additionally, this plantation also has scattered patches of forested areas that may
provide habitat for cavity nesting bees. This farm also used managed african honeybee pollinators and
had various sites for nesting boxes that are routinely moved throughout the season for honey
harvesting.

Pollinators Observed
A common honey-making bee,Tetragonisca aff. angustula , was observed at each organic
shade-coffee farm, and the ecological shade coffee plantation. The nests were constructed in tree
crevaces and on old fence posts. Another common social bee observed was Scaptotrigona
subobscuripennis and was observed on sparsely blooming flowers on shade-grown organic farms and
nests were found in tree crevaces. Various species of Apis pollinators were observed at each farm type.
They were observed on the blooming flowers in various patches, ground nesting and in tree cavities.
They were also observed visiting flowers in patches on ecological shade-coffee plantations. They were
also observed in a fence post on the border of the non-organic shade-coffee farm and an organic-shade
coffee plantation. Additionally, the conventional farm managed african honeybees and these were
observed in bee boxes used for honey harvesting.

Discussion
The results demonstrate that C. arabica management systems have an important effect on
habitat availability for pollinator diversity assemblages. In this study, organic shade-coffee farms and
ecological managed systems harbored more pollinator habitats and the potential for a more diverse
pollinator population. Additionally, different management practices used varying degrees of
agrochemical intensity to control for various pests and fungus which has implications for pollinator
health and abundance.
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Nesting Resource Availability
A central question to ecology is whether natural ecosystems provide superior benefits than
highly managed systems, and if biodiversity is important in maintaining ecosystem services. Different
bee species require varying degrees of natural habitat. Meliponines and Apis require forest habitat
because they nest in tree cavities which are more available in forest than in managed shade trees and
there is more likely to be provide year-round floral resources (Wille and Michener 1973, Allen-Wardell
et al. 1998). These social nesting bees use pre-existing cavities to build large nests and it has been
demonstrated that some species have preferences for size and substrate of nest quality.“Miner” bee
species use open habitats and excavate holes for nesting. These include Adrenidae, Melittidae,
Oxaecdae, Fideliidae, Halictidae, Collectidae, and Antrhophoridae. Some bees are called “Mason”
bees because they use pre-existing cavities, hollow plant stems, small rock cavities, abandoned insect
burrows, and snail shells for nesting and laying eggs. These insects are in the family Megachilidae.
Finally bees called “carpenters” excavate their own nests from woody substrates. Other species that are
common coffee visitors and use wood as nesting resource are Chloralictus spp, Xylocopa spp. And
Teragonisca angustula. Another important group of bees for coffee pollination are Meliponines that use
a variety of nesting strategies (Carvalho and Krug 1996). These pollinators use the resources in the
forests during periods when the coffee is not flowering as the forest provides nesting sites and materials
for nest building. In forests, the diversity and landscape heterogeneity is directly related to the
availability of suitable nesting sites (De Marco and Coelho 2004 ). In the shade-coffee organic farms, it
is very likely that these species were present because of the diverse natural habitat assemblages that are
comparable to that of tropical forests (Perfecto et al. 1996).
However, the opposite may also occur where the wild pollinators nest in the agricultural area.
This is observed in Xylocopa species where they are found in wooden structures on farms (Matheson et
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al. 1996). Also, some solitary bees build nests outside of dense forests and prefer the less shaded and
less humid microclimates within agroecosystems (Klien et al. 2003). On the sun-coffee farms, this may
imply that these species could be found nesting if other variables such as effects of agrochemicals are
ignored.
Certain nesting resources are considered to be more important than others for wild bee species
such as bare ground, soil quality, and nesting cavities. Cavity availability may limit the number of
eusocial bee colonies in temperate areas and is an important structuring agent for overall bee
communities of cavity nesting guilds. In fact, during farm observations of organic-shade coffee farms,
social cavity nesting bees were observed on numerous occasions in tree cavities, open ground, and
fence posts made from woods. This may be because organic and ecological shade grown coffee are
considered to have architectural, structural, and vegetational complexity comparable to that of tropical
forests (Perfecto et al. 1996). However, on the conventional farms, there were not many cavities
present and these species were not observed except in managed hive boxes.

Management for Bee Diversity
Having a diversity of bee species is important for providing pollination services in many
agricultural systems, including coffee. It not only can buffer against asynchronous fluctuations of bee
abundance between years but also because each bee species is differentially effective for pollination.
The African honeybee is the most prevalent visitor to coffee flowers, consisting of 88.9 percent of
visits, however wild bee species are also important pollinators for highland coffee pollination (Roubik
2002). These wild pollinators depend on the surrounding natural habitats for nesting and use the crops
as a foraging resources. Managing for bee diversity would meet the pollination requirements and
provide insurance against pollinator shortages.
Because tropical agroforestry systems have similar structure and conditions as a natural forest,
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they are incredibly important to the conservation and diversity of bee species. There are a variety of
management options available for coffee producers from all systems in order to increase the diversity
and abundance of bee species and augment the coffee yield. While no single management plan can
provide perfect habitat for all pollinator taxa, there are various practices that can encourage and
promote pollinator populations. Through habitat management, farmers can restore the diversity of their
pollinators and provide valuable benefits.
Before any management activity, inventories and surveys should be conducted in order to
identify the existing species and important plant resources. After these surveys, close attention should
be paid to the rare and specialist pollinator species so that management can meet their life history
requirements. An important management practice is to increase the nesting opportunities that relate to
the nesting needs of different pollinator species. This includes keeping opening ground, gaps in surface
vegetation, retaining neighboring forest sites, and leaving dead wood that provide holes for cavity
nesters. In agricultural areas, like sun coffee plantations where the use of chemicals and habitat loss has
decreased the number of native pollinators, they can provide bordering natural areas as a source of
pollinators and also an area as a refugia that allows pollinators to repopulate the areas.
The management strategies on the local level increased the availability of habitat for pollinating
bees and coffee yield in agroforestry systems. Previous studies have found that shade is the most
important factor at the local scale (Klein et al. 2002). Having shade trees influences moisture and
nutrient balance of the soil through leaf litter and root growth. Shade also influences populations of
insect pests, prevalence of diseases and weeds and decreases reliance on chemical fertilizers and pest
management insecticides (Perfecto et al. 1999). In contrast, the elimination of tree cover, like in
conventional farms, results in a less stable environment, increased soil and air temperature, decreased
soil water content, and decreased soil fertility (Moguel and Toledo 1999). The study by Klein et al.
(2002) also found that land-use intensity was negatively correlated with the number of social bee

Brokaw 18
species and a similar study demonstrated that the rustic coffee management systems affected the
numbers and species abundance of pollinator species. While this study did not account for shade and
light intensity, these studies only further demonstrate that management systems of shade-grown coffee
potentially increase favorable conditions for pollinator diversity.
Management activities on the regional scale that promote forest conservation and corridor
habitats are also important for the maintenance of bee species populations as the closeness to forest
fragments is an important indicator of pollinator habitat availability and species richness (Ricketts
2004). Coffee plants within 100 m of forests received more visits by more bee species and had
increased pollen deposition on stigmas than plants farther away from forest fragments (Ricketts 2004).
Additionally, these visits were by native bee species whereas plants farther away experienced more
visits by honeybee pollinators. Land management strategies on coffee farms that include riparian strips
of forests potentially represent a convenient and inexpensive source of pollination services but are not
as valuable as larger forest patches (Ricketts 2004). While riparian strips contained flowering tree
diversity and available nesting site, edge effects reduce the pollinator abundance because of suitability
for nesting.
Improved land use management should include the proximity of agroforestry systems to forests
to enhance social bee diversity and reduced shading for solitary bee nesting preferences (Klein et al.
2003). Intensive agriculture reduces the diversity and abundance of native bees and isolates pollinators
from critical floral and nesting resources and so providing a diversity of floral resources is a critical
component of wild pollinator conservation (Kremen et al. 2002). These plants attract pollinators to the
area because of nutrient rich nectar resources and the temporal availability for year-round foraging
options. Additionally, the arrangement of these natural areas is important in providing 'stepping stones'
between the habitat matrices of agricultural landscapes.

Chemical Usage and Management
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The use of insecticides, herbicides, and fertilizers in agriculture is likely to reduce bee
populations and increased reliance on managed pollinators. In the case of coffee cultivation, various
farming techniques use varying levels of chemical use in soil fertilizer, weed control, fungicide, and
insecticides. In the intensive conventional farming methods, they depend on external inputs to increase
coffee yields because coffee plants make high demands on the soil for nutrients like Nitrogen and
Potassium (organic coffee). In the agricultural systems studied, a variety of chemicals were used that
are toxic to bee species. These insects may absorb the toxins through their skin, drink tainted nectar,
and carry contaminated pollen.
In fact, even some organically approved control practices are harmful for bee species. One
commonly applied insecticide is Beauveria bassiana to control for the invasive Coffee Borer Beetle.
And is especially virulent to bees. B. bassiana is a naturally occurring pathenogenic fungus and is
detrimental to leaf cutter bees, resulting in over 87 percent mortality (EPA 1999). In this study, it was
commonly found to be applied in both organic and non-organic coffee agriculture even though it has
found to be not effective in the field (Damon 2000.). Another commonly used insecticide is the
chemical carbofuran that is also lethal to bee species. Other commonly used chemicals like
glycophosphates and chemical fungicides like cyproconazole are not considered to be of high risk
toxicity to bees. However, the labeling of these chemicals is in reference to the toxicity to honeybees
and may have more severe impacts for smaller wild pollinators. Additionally, during application of
pesticides, honeybee hives can be covered or moved but scattered nests of wild bees cannot be
similarly protected (Invertebrate Conservation Fact Sheet 2007).
In management practices of fungicide and insecticide application, there are a variety of methods
that can be done in order to minimize negatively impacts to bees. Some simple precautions can be
taken when applying herbicides and insecticides. Avoiding broadcast spraying because some larval
host plants and adult forage plants can be destroyed. Spot treatment methods with backpack sprayers

Brokaw 20
and other well targeted techniques not only reduce costs to the farmer, but are safer for pollinators. In
this study, the organic-shade grown coffee farm employed this strategy in controlling for the Coffee
Rust disease. In insecticide application for coffee plants, it is important to avoid treatments while
flowers are in bloom. This reduces the risk of harming pollinators that feed on the pollen and nectar
resources but some bees have part of the reproductive life cycle outside of the flowering season.
Additionally, using sprayed solution and large granules are recommended because they are not as
readily incorporated into the foraging of pollinators. However, there is the possibility for unintended
drift into non-target areas and precautions should be taken in order to increase the accuracy of spraying
(Zhong et al. 2004).

Economic Impacts
Most farmers consider disease, fungus, and invasive insects as the most feared obstacle to
production instead of focusing on pollination services. Traditional production devotes two percent to
chemical inputs, more modernized farming methods spend 19 to 25 on chemical inputs. Despite lower
total income, organic coffee production resulted in a higher revenue that may be attributable to the
pollinator assemblages.
Encouraging habitat for increased pollinator diversity and abundance has direct economic
implications for the farmer. Bees are known to increase the fruit set of coffee by 14.6% in association
with native vegetation. Previous studies demonstrate that in a one hectare property, an average 4000
coffee bushes can be planted and a coffee plantation around five years old produces 4,680 fruits per
coffee tree. This results in a fruit production of 18, 720, 000 fruits produced and 176.56 coffee sacks. A
14.6 percent increase would make 25.4 more coffee sacks for the producer. If a coffee sack today Is
worth over 73 US dollars, the producer will have a total of over 14,793 dollars per year in coffee
production. This would make the pollinator services worth 1,860 dollars per hectare per year if farmers
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employ landscape scale management strategies to create pollinator habitat and floral resources (De
Marco and Coelho 2004). Each year these services will add up and positively augment the farmer's
coffee yields and income, resulting with thousands of dollars gained simply by preserving natural areas
near the farm.
Regarding implications for food security, trends indicate that there may be future shortages as
the demand for pollination services is increasing. Globally, the supply of managed bees is less than the
rate of growth in demand for pollinator services and so managing for a diverse pollinator assemblage
can provide insurance against pollinator losses.

Future Research
This study on the pollinator habitat availability in the various coffee plantations in Santa Clara
can be improved in various ways. The results from this study can be used as a general baseline survey
for pollination studies in this region. Further research should provide quantitative data about the
amount and quality of the habitat types present. Additionally, surveys of pollinators present should be
conducted in order to modify management practices and encourage the conservation of surrounding
natural areas. This study made predictions about the degree of bee diversity present on the farms based
on nesting resource availability, however this does not quantitatively account for variables that may
also impact bee diversity. Field work should be done as long term studies throughout the year to fully
encompass the temporal variation of pollinator and plant species and also to provide data on how the
fruit set in this region is augmented by pollinator species.
Globally, trends in agricultural intensification are leading to increased degradation of
agroecosystems, natural areas, and the services they provide (Tilman et al. 2001). This has implications
for the increased use of managed pollinators populations that are currently suffering unless
management actions are taken to restore and promote wild pollinator communities. The population
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declines of wild pollinators are not easily reversible.
Programs and informational material should be created and provided to the farmers in the area
in order to create awareness of the importance of wild pollinators for coffee production. In the long
term, agricultural flexibility in the tropics depends on pollinator habitat availability and sustainable
management practices (Roubik 2002). Therefore, creating communication and alliances between
ecologists and farmers could benefit the development of sustainable management practices for farmers
and conservation for bee species.
In summary, the results suggest that the pollinator habitat availability in highland coffee can be
influenced by the management system applied by farmers. It has strong influence for the conservation
of pollinator diversity and subsequently for coffee fruit production. Thus, management measures that
reduce the use of chemicals and that favor pollinator diversity could result in increased farm
productivity and enhance biodiversity conservation in coffee growing regions.

Brokaw 23

Works Cited
Allen-Wardell, G., P. Bernhardt, R. Bitner, A. Burquez, S. Buchmann, J. Cane, P.A. Cox, V. Dalton, P.
Feinsinger, M. Ingram, D. Inouye, C.E. Jones, K. Kennedy, P. Kevan, H. Koopowitz, R.
Medellin, S. Medellin-Morales, G.P. Nabhan,B. Pavlik, V. Tepedino, P. Torchio, and S.
Walker.
1998. “The Potential Consequences of Pollinator Declines on the Conservation of
Biodiversity and Stability of Food Crop Yields.” Conservation Biology 12(1): 8–17.
Biesmeijer, J.C., S.P.M. Roberts, M. Reemer, R. Ohlemuller, M. Edwards, T. Peeters, A.P. Schaffers,
S.G. Potts, R. Kleukers, C.D. Thomas, J. Settele, and W.E. Kunin. 2006. “Parallel Declines in
Pollinators and Insect-Pollinated Plants in Britain and the Netherlands.” Science 313(5785):
351–354.
Cane, J. H. 2001. Habitat Fragmentation and native bees: a premature verdict? Conservation Ecology
5(1):3 [online] URL: http://www.consecol.org/vol5/is1/art3.
Chichilnisky, G., and G. Heal. 1998. Economic returns from the biosphere. Nature 391:629–630.
Costanza, R., R. d’Arge, R. de Groot, S. Farber, M. Grasso, B. Hannon, K. Limburg, S. Naeem, R. V.
O’Neill, J. Paruelo, R. G. Raskin, P. Sutton, and M. van den Belt. 1997. The value of the
world’s ecosystem services and natural capital. Nature 387:253–260.
Cane, J.H. (1997) Lifetime monetary value of individual pollinators: the bee Habropoda laboriosa at
rabbiteye blueberry (Vaccinium ashei Reade). Acta Horticultura, 446, 67–70.
Crane and D. P Walker. 1983. The impact of pest management on bees and pollination. Tropical
Development and Research Institute, College House, Wrights Lane, London, UK
Daily, G. C., T. Soderqvist, S. Aniyar, K. Arrow, P. Dasgupta, P. R. Ehrlich, C. Folke, A. Jansson,
B.O. Jansson,N. Kautsky, S. Levin, J. Lubchenco, K. G. Maler, D. Simpson, D. Starrett, D. Tilman,
and B.Walker. 2000. The value of nature and the nature of value. Science 289:395–396.
De Marco, P. & Coelho, F. M. 2004 Services performed bythe ecosystem: forest remnants influence
agricultural cultures’ pollination and production. Biodivers. Conserv. 13, 1245–1255.
EPA (US Environmental Protection Agency). 1999. Bauvaria bassania ATCC. 74040 (128818). Fact
Sheet.
FREE. J. B. 1993. Insect pollination of crops. Academic Press, London, UK.
Freitas, B. M. & Paxton, R. J. 1998 A comparison of two pollinators: the introduced honey bee Apis
mellifera and an indigenous bee Centris tarsata on cashew Anacardium occidentale in its native
range of NE Brazil. J. Appl. Ecol. 35, 109–121.
Gallai, N., J.-M. Salles, J. Settele, and B.E. Vaissiere. 2009b. “Economic Valuation of the Vulnerability
of World Agriculture with Pollinator Decline.” Ecological Economics 68(3): 810–821.
Greenleaf, S.S. & Kremen, C. (2006a) Wild bee species increase tomato production but respond

differently to surrounding land use in Northern California. Biological Conservation, 133, 81–
87.
Greenleaf, S.S. & Kremen, C. (2006b) Wild bees enhance honey bees’ pollination of hybrid sunflower.
Proceedings of the National Academy of Sciences, USA, 103 (37), 13890–13895.
Heard, T. A. 1994 Behavior and pollinator efficiency of stingless bees and honey-bees on macadamia
flowers. J. Appl. Res. 33, 191–198.
Heywood, V. H., editor. 1995. Global biodiversity assessment. UNEP/ Cambridge University Press,
Cambridge, Massachusetts.
IFOAM (2000). The IFOAM norms for organic production and processing. [Online] .Accessed 15 May
2005. www.ifoam.org/about_ifoam/standards/norms.html
Invertebrate Conservation Fact Sheet. Organic Farming for Bees: Conservation of Native Crop
Pollinators in Organic Farming Systems. Xerces Society for Invertebrate Conservation. 2007.
Luck, G., and G. Daily. 2003. Tropical countryside bird assemblages:richness, composition, and
foraging differ by andscape context. Ecological Applications 13:235–247.
Kearns, C. A. and J. D. Thomson. 2001. The Natural History of Bumblebees. 130 pp. Boulder:
University of Colorado.
Kearns, C. A., and D. W. Inouye. 1997. Pollinators, flowering plants, and conservation biology.
BioScience 47: 297–307.
Kevan, P. G. 1977. Blueberry crops in Nova Scotia and New Brunswick: pesticides and crop
reductions. Canadian Journal of Agricultural Economics 25(1):64.
Klein, A.-M., Steffan-Dewenter, I. & Tscharntke, T. 2003 Bee pollination and fruit set of Coffea
arabica and canephora (Rubiaceae). Am. J. Bot. 90, 153–157.
Kremen, C., N.M. Williams, and R.W. Thorp. 2002. “Crop Pollination from Native Bees at Risk from
Agricultural Intensification.” Proceedings of the National Academy of Sciences. 99(26): 16812–
16816.
Klein, A.-M., B.E. Vaissiere, J.H. Cane, I. Steffan-Dewenter, S.A. Cunningham, C. Kremen, and T.
Tscharntke. 2007. “Importance of Pollinators in Changing Landscapes for World Crops.”
Proceedings of the Royal Society B 274(1608): 303–313.
Klein, A.-M., I. Steffan-Dewenter, and T. Tshcarntke. 2003. “Fruit Set of Highland Coffee Increases
with the Diversity of Pollinating Bees.” Proceedings of the Royal Society B 270(1518): 955–
961.
Michener, C. D.. 2000. The Bees of the World. 913 pp. Baltimore: Johns Hopkins University Press
Morandin, L.A. & Winston, M.L. (2005) Wild bee abundance and seed production in conventional,
organic, and genetically modified canola. Ecological Applications, 15, 871–881.

Brokaw 26
Nabhan, G. P. 1996. Global list of threatened vertebrate wildlife species serving as pollinators for crops
and wild plants. Forgotten Pollinators Campaign, Arizona-Sonora Desert Museum, Tucson.
O’Brien, T. G., and M. F. Kinnaird. 2003. Caffeine and conservation. Science 300:587.
O’Toole, C. & Raw, A. (1991) Bees of the World. Sterling Publishing, New York.
Potts, S.G., J.C. Biesmeijer, C. Kremen, P. Neumann, O. Schweiger, and W.E. Kunin. 2010. “Global
Pollinator Declines: Trends, Impacts and Drivers.” Trends in Ecology and Evolution 25(6):
345– 353.
Pettis, J.S., and K.S. Delaplane. 2010. “Coordinated Responses to Honey Bee Decline in the USA.”
Apidologie 41(3): 256–263.
Potts, S.G., J.C. Biesmeijer Wrigley G. 1988. Coffee. New York: JohnWiley & Sons.
Potts, S.G. & Willmer, P.G. (1997) Abiotic and biotic factorsinfluencing nest-site selection by Halictus
rubicundus, a ground nesting halictine bee. Ecological Entomology, 22, 319–328.
Perfecto, I., and J. Vandermeer. 2002. Quality of agroecological matrix in a tropical montane
landscape: ants in coffee plantations in southern Mexico. Conservation Biology 16:174–182.

Roubik, D.W. (1992) Loose niches in tropical communities: why arethere so few bees and somany
trees? Effects of Resource Distribution on Animal–Plant Interactions (ed. by M. D. Hunter, T.
Ohgushi and P. W. Price), pp. 327–354. Academic Press, San Diego.
Roubik, D.W. 2002. “The Value of Bees to the Coffee Harvest.” Nature 417(6890): 708.
Roubik, D. W. 2002. Feral African bees augment neotropical coffee yield. Pollinating Bees - The
Conservation Link Between Agriculture and Nature - Ministry of Environment. Brasília. p.255266.
Rincon, M., D.W. Roubik, B. Finegan, D. Delgado, and N. Zamora. 1999. Understory bees and floral
resources in logged and silviculturally treated Costa Rican rainforest plots. Journal of the
Kansas Entomological Society 72:379–393.
Ricketts, T. H., G. C. Daily, P. R. Ehrlich, and J. P. Fay. 2001. Countryside biogeography of moths in a
fragmented landscape: biodiversity in native and agricultural habitats. Conservation Biology
15:378–388.
Steffan-Dewenter, I., S.G. Potts, and L. Packer. 2005. “Pollinator Diversity and Crop Pollination
Services Are at Risk.” Trends in Ecology and Evolution 20(12): 651–652.
Stephen, W. P. 1959. Maintaining alkali bees for alfalfa seed production. Page 123 in Bulletin 568.
Oregon Agricultural Experiment Station, Corvallis, Oregon.

Brokaw 27
Stephen, W.P., Bohart, G.E. & Torchio, P.F. (1969) Biology and External Morphology of Bees.
Oregon
State University, Corrallis.
Tilman, D., Fargione, J., Wolff, B., D’Antonio, C., Dobson, A., Howarth, R., Schindler, D.,
Schlesinger, W. H., Simberloff, D. & Swackhamer, D. (2001) Forecasting Agriculturally Driven
Global
Environmental Change. Science 292, 281–284.
Toledo, V. M., and P. Moguel. 1996. Searching for sustainable coffee in Mexico: the important of
biological and cultural diversity. Pages 163–173 in R. A. Rice, A. M.
[UNFAO Production Yearbook] United Nations Food and Agriculture Production Yearbooks. Rome
(Italy): United Nations.
Watanabe, M. 1994. Pollination worries rise as honey bees decline. Science 265:1170.
Westrich, P. (1996) Habitat requirements of central European bees and the problems of partial habitats.
The Conservation of Bees (ed. by A. Matheson, S. L. Buchmann, C. O’Toole, P. Westrich and
I.
H. Williams), pp. 1–16. Academic Press, London.
Wille, A., and C. D. Michener. 1973. The nest architecture of stingless bees with special reference to
those of Costa Rica (Hymenoptera: Apidae). Revista de Biologia Tropical 21:278.
Zayed, A. and Packer, L. (2005) Complementary sex determination substantially increases extinction
proneness of haplodiploid populations. Proc. Natl. Acad. Sci. U. S. A. 102, 10742–10746
Zhong, H. M. Latham, S. Payne, and C. Brock. 2004. Minimizing the impact of mosquito adulticide
naled on honey bees, Apis mellifera (Hymenoptera: Apidae): Aerial ultra-low-volume
application using a high pressure nozzle system. Journal of Economic Entomology 97:1-7

